Background: The gluteus medius muscle is essential for gait and hip stability. Changes that occur in the gluteus medius muscles in patients with developmental dysplasia of the hip (DDH) are not well understood. A better understanding of DDH related changes will have positive repercussions toward hip soft tissue reconstruction. Methods: 19 adult patients with unilateral DDH scheduled for total hip arthroplasty were assessed for: cross-sectional area (CSA), radiological density (RD) and the length of gluteus medius using computed tomograhpy(CT) (scanned before THA). Hip abductor moment arm and gluteus medius activation angle were also measured via hip anteroposterior radiographs.
Background
Total hip arthroplasty performed on patients with hip dysplasia presents challenging work for surgeons due to its bony deformity and soft tissue imbalance. The bony configuration changes of hip dysplasia have been investigated extensively, however, soft tissue abnormalities around the affected hip have been less well studied. Such characterization is essential to help recognize hip dysplasia and to make an optimal plan for hip reconstruction and postoperative rehabilitation in patients with developmental dysplasia of the hip (DDH) [1, 2] .
Abduction muscle tension is important for gait and hip biomechanics. Abductor dysfunction may lead to joint instability, resulting in a high rate of recurrent dislocation [3, 4] . The gluteus medius muscle, which plays a key role in exerting abduction force across the hip joint, providing stabilization of the pelvis during single leg stance [5] , is the main muscle in the hip abductor muscle group that also includes gluteus maximus, gluteus minimus, piriformis muscles, and tensor fascia lata. Insufficiency of the gluteus medius muscle is clinically associated with a positive Trendelenburg sign and finally leads to a loss of pelvic control with an impaired ability to walk. The preservation of the gluteus medius muscle during total hip arthroplasty is therefore regarded to be crucial for postoperative abduction force [6] and functional outcome.
With the femur displaced proximally, the gluteus medius muscle and other soft tissues around the affected hip contracts in patients with DDH and leads to leg length discrepancy and hip instability [7] . It has been suggested that the gluteus medius muscle as well as other soft tissues be released to obtain femoral reduction [8, 9] and optimal biomechanics in patients with DDH during total hip arthroplasty. Previous studies [10, 11] compared length changes of the gluteus medius muscle between the pelvic support osteotomy preoperative and posteroperative in the congenital dislocation of the hip. However, fewer studies quantified the contracture extent (the length change and atrophy) of gluteus medius muscle compared to the healthy hip in patients with DDH, which is vital for femoral reduction and abductor muscle strength.
Abductor weakness often can not be corrected in patients with DDH performed THA postoperatively [12] [13] [14] . Abductor strength is related not only with abductor muscle strength itself but also other factors: Abduction strength correlated positively with both femoral offset and the length of the abductor lever arm. Thus, both the gluteus medius muscle itself and related factors should be explored to better understand DDH and possible recovery strategies. These specific data may be contributive to helping us understand the abnormalities of the gluteus medius and in making optimal abductor function reconstruction, in addition to the design of more specifically helpful rehabilitation training programs.
Computed tomography has been used to assess the muscle change in the trunk [15] and around the hip [16] [17] [18] . Cross-sectional area (CSA) is closely related to the muscle volume and the radiological density of muscle, which indirectly represents muscle strength. The purpose of our study is to better characterize the gluteus medius muscle abnormalities in patients with adult unilateral DDH. Our approach to achieve this goal was to: 1) quantify the loss of contractile muscle mass in the gluteus medius muscle (responsible for hip abduction strength) and 2) investigate the length changes of the gluteus medius muscle (knowledge of which is essential for femur reduction in hip reconstruction in patients with DDH).
Methods

Patients
We reviewed the CT scans of 19 unilateral dysplasia hips collected recently over the course of three years. The scans were made for morphological evaluation of the acetabular and proximal femur before total hip arthroplasty [19] . The overall average age of the patients was 47 years (range 35-61 years), the mean weight was 55 kg (range 50-69 kg), and the mean height was 157 cm (range 155-170 cm). There were no significant difference in age, weight, or height between the two groups (7 males and 12 females).
According to the classification of Crowe [20] , there were 8 hips in class II and 11 hips in class III in our patients with unilateral developmental dysplasia of the hip. The Crowe classification divides dysplastic hips radiographically into four categories based on the extent of proximal migration of the femoral head. Class I is less than 50 per cent subluxation; class II is 50 to 75 per cent subluxation; class III is 75 to 100 per cent subluxation; and class IV, more than 100 per cent subluxation. The degree of hip subluxation ranged from 55 to 98 percent according to the method of Crowe [20] . None of the patients had accepted osteotomy for treatment or correction of their hip disease. Medical history, duration of hip symptoms and the use of medications for pain relief were noted. Patients were instructed to maintain their normal medication on all test occasions. Patients gave written consent and the Ethical Committee of our institution approved the study.
Computed tomography
The patients were examined in the supine position in a Phillips MX 8000 (Phillips Medical Systems, Cleveland, Ohio, USA) spiral CT-scanner with the pelvis in the neutral position the lower limb placed in internal rotation so the patella is situated in the frontal plane. Routine radiographs of the anteroposterior pelvis were taken. Transverse images were obtained of each patients using the following CT protocol. The area from the iliac crest to below the lesser trochanter was scanned, 2.0 mm thick slices at 2.0 mm intervals. The scanned images were DICOM format(512 × 512 pixels) and were analyzed via computerized tomography work station.
Definitions of observed parameters: The femoral offset (FO) was the distance from the center of rotation of the femoral head to a line vertical to the long axis of the femur [21] . The height of the center of the femoral head was the distance from the center of rotation of the femoral head to a line vertical to horizontal line through the midpoint of the lesser trochanter. The neck-shaft angle was measured as the angle between the midline of the femoral neck and the midline of the femoral shaft [22] . The abductor lever arm was determined as the perpendicular distance from a line tangential to the greater trochanter to the center of rotation of the femoral head. The tangential line corresponded to the abductor shadow [23] , and the gluteus medius activation angle was delimited by the line tangential to the greater trochanter and the line running from the insertion point of the gluteus medius to the global offset laterally [24] . These parameters were measured on a magnified scout view of CT (shown in Figure 1A) .
Muscle cross-sectional area (CSA) and radiological density (RD; in Hounsfield units: HU) were assessed in three different level section of the gluteus medius muscle using transaxial CT scans. For accuracy, we selected three different sections levels of the muscle. We drew a line tangental to the lateral margin of the greater trochanter and extended the line to intersect with a horizontal line under the fifth lumbar which is approximately the gluteus medius origin plane. This line is also the gluteus medius line of action for the force. We quartered the line and chose three points (except the origin and end), through the points we drew a horizontal line, the plane corresponding to the spiral transaxial CT scans ( Figure 1B ). Areas of interest (the section of the gluteus medius muscle) were manually circumscribed and automatically computed (Figure 2A , B and C). The density was measured in Hounsfield units (HU) and was evaluated by measuring the mean density of the crosssectional area in the region of interest, CSA and RD for gluteus medius muscle were determined twice by 2 independent observers to calculate the intra-and interobserver reproducibility.
With the technique of multiplanar reconstruction (MPR), the frontal pelvic plane was established using both anterior superior iliac spines and the pubic tubercles and subsequent axes from this [19, 25] , we selected the frontal plane through greater trochanter, The length of the gluteus medius from its origin to its insertion was measured as a straight line [10] (shown in Figure 3 ).
Measurement of the parameters for the gluteus medius muscle were performed twice by 2 independent investigators, the first examiner performed the measurements twice (2 weeks apart), and the other performed it once. Two independent examiners analyzed the blinded images on two separate occasions at least 3 weeks apart. Intra-observer and inter-observer variations in measuring all parameters were assessed using the coefficient of variation (CV%).
Statistics
Comparisons between the affected hip and the healthy side were performed using paired t-tests. Statistical significance was set at p < 0.05, for repeated tests. All data analysis was performed with SPSS 13.0 (SPSS, Chicago, Ill., USA).
Results
The intra-observer and inter-observer repeatability of measurements was acceptable. Intra-observer reproducibility (CV%) for parameters measurements ranged from 0.7 % to 3.5 % and inter-observer reproducibility varied from 2.1 % and 7.8 %.
The cross-sectional area (CSA) of the gluteus medius muscle demonstrated no statistical difference in the A(a) plane but was significantly decreased in the B(b) and C (c) plane in the affected hip compared to the control side (p < 0.05). The RD of the gluteus medius muscle decreased in the affected side compared with the control side (p < 0.05). The CSA of the gluteus medius muscle was reduced by17-22 % in the affected hip, whereas the RD of the muscle groups was reduced by 32-38 % relative to the control side at three planes (shown in Table 1 and Figure 2 ).
The femoral neck-shaft angle significantly increased (p < 0.05) in the affected hip accompanied by a significant decrease in the femoral offset (p < 0.05). The length of the gluteus medius muscle was reduced by 8-11 % (p < 0.05) but the gluteus medius activation angle was significantly increased (p < 0.05) and hip abductor moment arm decreased (p < 0.05) in the affected side compared with the control side.
There was no significant difference in the height of the center of femoral head between the affected side and the control although it had slightly changed between the two sides (shown in Table 2 ).
Discussion
Our study demonstrates that the gluteus medius muscle shows marked atrophy in the affected hip. This phenomenon was also shown in subjects with advanced OA hip joint pathology. Gait patterns may provide some further explanation for the gluteus medius muscle response to advanced OA hip joint pathology [26, 27] . The gluteus medius muscle atrophy appears inherently linked to offloading strategies used in gait during late stage joint pathology [28] . However, the cause in patients with DDH may be related not only with these factors described above but also the femur being displaced proximally, the femur being in a position of abduction with the reduced abductor lever arm and increased gluteus medius activation angle.
In contrast to other studies which selected only one plane both in the affected side and normal side [17, 18] , we choose three different sections. This approach can help to obtain more information about the gluteus medius muscle. We selected different planes in the contralateral healthy hip and the affected one taking into consideration the proximal migration of the femur on the dysplastic side. We selected the contralateral healthy hip as the control group maintaining consistency across patients despite the differing effects of age and height between the patient population we examined, which in itself can affect muscle quality and quantity.
The gluteus medius muscle is one of the main soft tissues that limit femur reduction and limb length discrepancy correction in patients with DDH. To overcome this problem, the release of the gluteus medius muscle is necessary in the mildly dysplastic hip [14] and combined with femoral osteotomies in the severely dysplastic hip [12] . Except one-step soft tissue releases, slow release by continuous iliofemoral distraction were also described [29, 30] in the severely dysplastic hip. Either technique will affect the overall length and function of the gluteus medius muscle. Therefore, how much the gluteus medius muscle could be released and lengthened needs to be further evaluated. The contracture extent of soft tissue around the hip was thought to be an important factor for limb elongation length [31] in patients with DDH.
Accompanied with the contracuture of abductor musculature, the adductor musculature also does contract. Thus, except the gluteus medius muscle release, proper release of adductor muscles is vital to keep abduction-adduction balance and hip stability during hip reconstruction in THA.
Patient age at the time of the operation and the postoperative changes in the volume of the gluteus medius muscle are related to abductor muscle strength restoration in pelvic support osteotomy of the congenital hip dislocation [11] . The preoperative muscle strength was an essential factor in postoperative muscle strength recovery in patients with DDH, for whom abductorsparing periacetabular Osteotomy was performed [32] . The posterolateral approach, which has a lesser disruption of abductor musculature and more anatomic dissection [33] , should be adopt in patients with DDH performed THA.
Muscle strength is proportional to not only the muscle volume or cross-sectional area (CSA) but also the muscle radiological density (RD), which may represent the actual amount of contractile muscle [34] . Thus we used CSA combined with muscular RD [17, 35, 36] to evaluate the atrophy of gluteus medius muscle. The reduced CSA and RD of gluteus medius muscle in patients with DDH implicated reduced muscle strength. Trendelenburg sign, which is indicated by gluteus medius muscle weakness, often could not be improved in some patients performed THA [12] [13] [14] . The reduced muscle strength may be one of the causes of abductor dysfunction. At the same time, the abnormal femoral offset and abductor moment arm should be paid attention to in abduction function reconstruction in patients with DDH during THA, because the abductor function deficit may result from an intrinsically reduced muscular strength or may be the indirect result of biomechanical alterations induced by abnormal femoral offset and abductor moment arm.
The gluteus medius muscle has the reduced strength preoperative and length changes postoperative in patients with DDH during THA, Some specific rehabilitation exercise should be designed to strengthen the muscle and keep the stability of hip post-operative as for hip arthroscopy post-operative [37] . Weight-bearing exercises may provide more functional benefit because this type of exercise often activates a greater number of muscle group [38] . Muscle strength recovery and gait adaption was not complete one year after total hip arthroplasty in patients with unilateral osteoarthritis or osteonecrotic hips [39, 40] . Another study demonstrated a slow morphological recovery in cross-sectional area (CSA) and radiological density (RD) of hip muscles compared to the healthy limb two years after THA in patients with osteoarthritis [41] . Considering the changes of gluteus medius muscle in patients with DDH, we think that patients need more time for muscle strength recovery and gait adaption.
Conclusions
In conclusion, the gluteus medius muscles showed a substantial loss of CSA and RD, as well as length decrease in adult patients with unilateral DDH. The factors which influence the gluteus medius muscle were the abductor lever arm and gluteus medius muscle activation angle changes. Attention should be paid to these changes in hip reconstruction. These findings provide orthopedic surgeons with objective information about the amount and condition of the gluteus medius muscle in patients with DDH. 
